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Abstract

Chronic activation of microglial cells endangers neuronal survival through the release of various
proinflammatory and neurotoxic factors. The root of Paeonia lactiflora Pall has been considered
useful for the treatment of various disorders in traditional oriental medicine. Paeonol, found in the
root of Paeonia lactiflora Pall, has a wide range of pharmacological functions, including
anti-oxidative, anti-inflammatory and neuroprotective activities. The objective of this study was to
examine the efficacy of paeonol in the repression of inflammation-induced neurotoxicity and
microglial cell activation. Organotypic hippocampal slice cultures and primary microglial cells from
rat brain were stimulated with bacterial lipopolysaccharide. Paeonol pretreatment was performed for
30 minutes prior to lipopolysaccharide addition. Cell viability and nitrite (the production of nitric
oxide), tumor necrosis factor-alpha and interleukin-1beta products were measured after
lipopolysaccharide treatment. In organotypic hippocampal slice cultures, paeonol blocked
lipopolysaccharide-related hippocampal cell death and inhibited the release of nitrite and
interleukin-1beta. Paeonol was effective in inhibiting nitric oxide release from primary microglial
cells. It also reduced the lipopolysaccharide-stimulated release of tumor necrosis factor-alpha and
interleukin-13 from microglial cells. Paeonol possesses neuroprotective activity in a model of
inflammation-induced neurotoxicity and reduces the release of neurotoxic and proinflammatory
factors in activated microglial cells.
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Research Highlights

(1) Inflammation and oxidative stress are pathological mechanisms underlying neurodegenerative
diseases.

(2) Anti-inflammatory treatment is a new strategy for improving the prognosis of neurodegenerative
diseases.

(3) In organotypic hippocampal slice cultures, paeonol blocked lipopolysaccharide-induced
hippocampal neuronal death and release of proinflammatory mediators.

(4) Paeonol possesses neuroprotective activity in a model of inflammation-induced neurotoxicity
and reduces the release of neurotoxic and proinflammatory factors in activated microglial cells.

Kyong Hyon Namyy, Ph.D.,
Post-doctoral Fellow,
Graduate School of
East-West Medical Science,
Kyung Hee University,
Yongin-si 446-701, Republic
of Korea

Kyong Nyon Nam and
Byung-Cheol Woo
contributed equally to this
work.

Corresponding author:
Eunjoo Hwang Lee, Ph.D.,
Professor, Graduate School
of East-West Medical
Science, Kyung Hee
University, Yongin-si
446-701, Republic of Korea,
ehwang@khu.ac .kr.

Received: 2012-11-19
Accepted: 2013-03-13
(N20121119003)

1637



Nam KN, et al. / Neural Regeneration Research. 2013;8(18):1637-1643.

INTRODUCTION

Of the different cell types in the central nervous system,
microglial cells are resident macrophages that play
important roles in immune and inflammatory responses.
They are activated during neuropathological conditions
to restore central nervous system homeostasis™. The
activation of microglial cells involves their proliferation,
migration to the injury site, increased expression of
immunomodulators, and transformation into phagocytes
capable of clearing damaged cells and debris™*2.
Activated microglial cells can also promote neuronal
injury through the release of proinflammatory and
cytotoxic factors, including tumor necrosis factor-alpha,
interleukin-1beta, interleukin-6, nitric oxide and reactive
oxygen species?. Chronic microglial activation has been
implicated in the neuronal destruction associated with
various neurodegenerative diseases such as Alzheimer’s
disease and Parkinson’s disease®*. Thus, the activation
of counter-regulatory mechanisms is essential to avoid
the escalation of central nervous system inflammatory
processes®. The identification of agents that target
overactivated microglial cells is important for providing
neuroprotection.

Paeonol (2'-hydroxy-4'-methoxyacetophenone) (Figure 1)
is a major phenolic component of moutan cortex
(Paeonia Suffruticosa Andrews) and the root of Paeonia
lactiflora Pall, which have been used in traditional

oriental medicines to alleviate various disorders'®.
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Figure 1 The chemical structure of paeonol.

Paeonol is a major phenolic compound in Paeonia
species®. It has been suggested to readily traverse the
blood-brain barrier under physiological conditions!”.

Paeonol has multiple pharmacological activities, including
anti-oxidant, anti-atherosclerotic, anti-diabetic, anti-allergic,
anti-inflammatory and anti-cancer effects®*?. For brain
diseases in particular, paeonol has been reported to exert
neuroprotective actions against cerebral ischemia and
Alzheimer’s disease in experimental models™*!. From
these studies, paeonol has shown promise for the
treatment of neuropathologies. However, the efficacy of
paeonol in reducing inflammation-mediated neurotoxicity
has not been determined. For this purpose, we employed
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organotypic hippocampal slice cultures, which provide a
good model system for studying neuronal death and
neuroprotective agents. Organotypic hippocampal slice
cultures preserve the maturation of synapses, receptors,
and intrinsic fiber pathways in vivo™®. As organotypic
hippocampal slice cultures also preserve physiological
networks between neurons and glia, microglia-mediated
neurotoxicity would be properly reflected in this system.
We also examined whether paeonol could repress
inflammatory responses in primary cultured microglial
cells.

RESULTS

Paeonol protected against inflammation-mediated
hippocampal cell damage

In the present study, hippocampal slice cultures exposed
to lipopolysaccharide for 72 hours displayed strong
propidium iodide uptake along the hippocampal layers in
comparison with untreated control slices (Figure 2A). The
increased propidium iodide uptake was markedly
blocked by treatment with paeonol (Figures 2A, B), in
parallel with the inhibition of lipopolysaccharide-induced
production of proinflammatory mediators including nitric
oxide and interleukin-1beta (Figures 2C, D).

Inhibition of lipopolysaccharide-induced nitric oxide
release from primary microglial cells by paeonol
Pretreatment with paeonol suppressed
lipopolysaccharide-induced nitrite release from primary
microglial cells (Figure 3A). Lipopolysaccharide has been
reported to cause activation-induced cell death in
microglia™”. Thus, cell viability, as measured using the
methyl thiazolyl tetrazolium (MTT) assay, was often
reduced in the presence of lipopolysaccharide (Figure 3B).
Based on MTT assay, paeonol did not reduce the viability
of activated microglia at 0.5 and 1 mM (Figure 3B).
However, paeonol showed cytotoxicity to
lipopolysaccharide-activated microglial cells at 2.5 and

5 mM (Figure 3B). When we checked if paeonol itself
triggers nitrite generation from microglial cells, we found
that paeonol alone did not affect the basal level of nitrite
(Figure 3C). Taken together, the optimal dose range of
paeonol that was not toxic to the activated microglial cells
appeared to be between 0.5 and 1 mM. Thus, these doses
were selected for the other assays performed in this study.

Inhibition of lipopolysaccharide-induced secretion of
proinflammatory cytokines from microglial cells by
paeonol

To test the effects of paeonol on the production of



Nam KN, et al. / Neural Regeneration Research. 2013;8(18):1637-1643.

proinflammatory molecules, the amounts of tumor
necrosis factor-alpha and interleukin-1beta in the culture DISCUSSION

medium of primary microglial cells were measured by

enzyme-linked immunosorbent assay (ELISA). Paeonol In an effort to develop neuroprotective drugs, inhibition of

considerably reduced the lipopolysaccharide-induced the microglial inflammatory response is considered

production of these mediators (Figure 4). promising for the treatment of many neuropathologies'® *2.
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Figure 2 Effects of paeonol on lipopolysaccharide (LPS)-induced hippocampal cell death.

Organotypic hippocampal slice cultures were pretreated with paeonol (PN) at the indicated concentrations for 30 minutes
before adding 10 pg/mL LPS. After stimulation with LPS for 72 hours, the culture medium was collected and subjected to nitrite
and cytokine assays, and was subsequently replaced with fresh serum-free medium containing propidium iodide (PI). The red
color is the PI fluorescence, which indicates cell membrane damage. (A) Pl fluorescence images. Scale bar: 500 ym. (B)
Quantification of hippocampal cell death. Data are expressed as the percentage of the LPS value (the fluorescence intensity of
the LPS group was designated as 100%). (C, D) Determination of nitrite (production of nitric oxide) and interleukin-1beta in
culture supernatants. (B—D) The data were expressed as mean + SEM from triplicate assays. Ten to 15 hippocampal slices
were used in each group. P < 0.001, vs. LPS-only treated group (Student’s paired t-test). Organotypic hippocampal slice
cultures incubated in the absence of LPS for 72 hours served as controls. M: mol/L.
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Figure 3 Effects of paeonol on nitrite production in lipopolysaccharide (LPS)-stimulated microglial cells.

Primary microglial cells were incubated in the absence (control; Cont) or presence of LPS (100 ng/mL). The cells were
pretreated (A, B) with the indicated amounts of paeonol and LPS was added 30 minutes later. After 24 hours, the cultures were
subjected to a nitrite assay (A) and a cell viability assay (B). As a reference, cells were treated with LPS or paeonol only for 24
hours, and the cultures were subjected to nitrite quantification (C). Data are expressed as mean + SEM from triplicate assays.
P < 0.001, vs. the LPS-only treated group (Student’s paired t-test). Microglial cells incubated in the absence of LPS for 24
hours served as Cont. M: mol/L.
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We demonstrated a direct effect of paeonol against
inflammation-induced neurotoxicity in hippocampal slice
cultures in this study. We also showed the suppressive
effect of paeonol on the production of nitric oxide and
proinflammatory cytokines by primary microglial cells.
Overall, our results broaden the range of
pharmacological properties of paeonol for the treatment
of neuropathologies.
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Figure 4 Effects of paeonol on the secretion of tumor
necrosis factor-alpha (TNF-a) and interleukin-1 beta
(IL-1B) by primary microglial cells.

Cultures were stimulated with lipopolysaccharide (LPS;
100 ng/mL) with or without pretreatment with the indicated
amounts of paeonol (PN). After 24 hours of incubation, the
culture supernatants were assayed by enzyme-linked
immunosorbent assay (ELISA) for TNF-a (A) and IL-13
(B). Data are expressed as mean + SEM from triplicate
assays. °P < 0.001, P < 0.05, vs. the LPS-only treated
group (Student’s paired t-test). The microglial cells
incubated in the absence of LPS for 24 hours served as
controls. M: mol/L.

We have established an experimental model to
determine inflammation-induced neurotoxicity by
lipopolysaccharide exposure to organotypic

hippocampal slice cultures™. Organotypic hippocampal

slice cultures preserve the maturation of synapses,
receptors and intrinsic fiber pathways in vivo, thus
providing a good model system in which to study
neuronal cell death, neuroprotection and synaptic

plasticity’®®. The results shown in Figure 2 indicate that

paeonol has protective effects against
inflammation-induced neurotoxicity.

Considering the results presented in Figure 3A and B
together, it is intriguing that paeonol decreases cell
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viability further at higher concentrations but prevents
lipopolysaccharide-induced production of nitric oxide in
lipopolysaccharide-treated microglia. Although the
precise mechanisms underlying suppression of
microglial activation by paeonol need further
investigation, it may work in a similar way to the p38
kinase inhibitor, SB239063, in activated microglia. In a
recent report, SB239063 was shown to decrease the
inflammatory response and the number of activated
microglia in a model of oxygen-glucose-deprived
neuronal death®®",

Among the diverse biological activities of paeonol,
anti-inflammatory properties have been demonstrated in
the peripheral system, including macrophages,
synoviocytes and endothelial cells®>?*. According to a
very recent report, paeonol attenuates microglial
inflammation in the BV2 cell line, which is generally
consistent with the results of our study®!. However, the
range of effective doses was lower in the data reported
by Himaya’s group than in our study®®®. The apparent
discrepancy in effective concentrations of the drug might
be attributable to differences in the nature of the cultured
cells. Nevertheless, both studies are consistent with the
work by Hsieh et al ™, which indicates the
anti-inflammatory effect of paeonol by reduced microglial
activation and interleukin-1beta production in the brain of
a rodent model of cerebral ischemia/reperfusion.

Besides inhibitory effects on brain inflammation, the
direct neuroprotective potential of paeonol has been
tested in vivo and in vitro. In a rat model of Alzheimer’s
disease, paeonol improved learning behavior and
increased the expression of cytochrome oxidase in the
hippocampus when injected with amyloid-beta™. In a
model of ischemic brain damage, paeonol reduced
cerebral infarction and improved neurological outcome!*.
In hippocampal neuron cultures exposed to
oxygen-glucose deprivation, paeonol reversed the
overload of intracellular calcium ions and inhibited the
activity of N-methyl-D-aspartate receptors, which
consequently enhanced cell survival®®. Taken together
with our results, paeonol possibly exerts multiple
beneficial roles in controlling neuronal survival and
microglial activation in the central nervous system.
Exploration of the exact role of paeonol in neuronal
survival and anti-inflammation is warranted in a wider
spectrum of neuropathological conditions.

Recently, considerable attention has been focused on
dietary and medicinal phytochemicals as sources of
neuroprotective components. In particular, a list of
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polyphenols from natural products has been reported to
be effective in controlling microglial activation. These
include resveratrol, green tea polyphenols, wogonin from
the root of the medicinal plant, Scutellaria baicalensis,
and curcumin from Curcuma longa™ #?*. Our results
support the neuroprotective potential of paeonol in
targeting neurotoxicity induced by microglial
inflammatory mediators. After administration into rats,
paeonol has been detected in plasma and diverse
tissues including brain®®, which indicates the
permeability of paeonol to the blood-brain barrier.
Although safety should be persistently estimated for
clinical applications, the result is in favor of considering
paeonol as a valuable candidate for neuroprotective drug
development. Thus, the present study invites further
study on the molecular targets and working mechanisms
of paeonol in central nervous system cell types for
precise estimation of its action in controlling the brain
immune response.

MATERIALS AND METHODS

Design
A comparative observation, tissue and cell culture
experiment.

Time and setting

The experiments were performed at the Graduate School
of East-West Medical Science, Kyung Hee University,
Korea, from September 2011 to August 2012.

Materials

The 7-day-old and 1-day-old rats used for extraction of
hippocampal slices and culturing brain microglial cells,
respectively, were maintained in accordance with the
Institutional Animal Care and Use Committee guidelines
of Kyung Hee University in Korea. All rats were provided
by Orient, Kyunggi-Do, Korea.

All cell culture products were purchased from Invitrogen
(Carlsbad, CA, USA). Escherichia coli lipopolysaccharide
(L2637) and other chemicals were purchased from
Sigma (St. Louis, MO, USA).

Paeonol (H35803) was purchased from Sigma. The
molecular formula of paeonol is CgH,,03, with a
molecular weight of 166.18. Its chemical hame is
phenanthro[1,2-b]furan-10,11-dione,6,7,8,
9-tetrahydro-1,6,6-trimethyl (CAS No. 552-41-0, EINECS
No. 209-012-2). Paeonol is a white or light yellow glossy
needle crystal.

Methods

Organotypic hippocampal slice cultures
Organotypic hippocampal slice cultures were prepared
according to the method of Stoppini et al *". Briefly, the
hippocampus was isolated and cut transversely at a
thickness of 350 um with a Mcllwain Tissue Chopper
(Mickle Laboratory Engineering, Surrey, UK). The slices
were placed on membrane inserts (Millicell-CM,
PICMO03050; Millipore, Bedford, MA, USA) in 6-well
plates. Each well contained 1 mL of culture medium
composed of 50% MEM, 25% Hank’s balanced salt
solution and 25% horse serum. The slices were cultured
in an incubator at 36°C in the presence of 5% CO, for
12-14 days, and the medium was changed every 2 or
3 days.

Lipopolysaccharide treatment and assessment of
neuronal damage

Neurotoxicity was evaluated by the uptake of the
fluorescent dye, propidium iodide, as previously
described®. Briefly, lipopolysaccharide (10 pg/mL) was
applied to organotypic hippocampal slice cultures with or
without pretreatment with paeonol (0.5 and 1 mmol/L).
After lipopolysaccharide treatment for 72 hours, the
culture medium was collected and subjected to the nitrite
assay, and the medium was subsequently replaced with
fresh serum-free medium containing 5 yg/mL propidium
iodide (Sigma). Organotypic hippocampal slice cultures
incubated in the absence of lipopolysaccharide for

72 hours served as controls. Neuronal death was
observed within 30—60 minutes after addition of
propidium iodide. Propidium iodide-stained images were
captured using a laser scanning microscope (LSM 510;
Carl Zeiss, Mannheim, Germany) and the observed
propidium iodide uptake areas were measured by
confocal microscopy with LSM 510 software (release 3.2;
Carl Zeiss). All data were background subtracted using
the fluorescence emission originating from a region on
the insert containing no tissue.

Cell culture and treatment

Primary microglial cells were prepared from cerebral
cortices of 1-day-old rat pups (Orient, Kyunggi-Do, Korea)
as described previously™=%. After the cells reached
80-90% confluence at 12 to 14 days, the flasks were
shaken to remove the microglia. The detached microglial
cells were incubated for 1 hour and the non-adherent
cells were removed. The adherent microglial cells were
cultured for 24 hours, and the purity of the cultures was
judged by immunostaining with a rat anti-mouse OX-42
antibody (CBL1512; 1:100 dilution; Chemicon, Temecula,
CA, USA) followed by tetraethyl rhodamine
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isothiocyanate-conjugated anti-mouse antibody (Zymed
Laboratories, San Francisco, CA, USA) as described in
our previous work?®, The cells were pretreated with
paeonol in fresh medium containing 0.1% fetal bovine
serum (Invitrogen) for 30 minutes before adding
lipopolysaccharide to 100 ng/mL for 24 hours. A dose
range of 0.5-5 mmol/L of paeonol was applied.

Nitrite assay

The nitrite in microglial culture supernatants was
measured as an indicator of nitric oxide production. An
aliquot of the culture supernatant was mixed with a
volume of Griess reagent (G7921; Molecular Probes,
Eugene, OR, USA) and the absorbance at 570 nm was
determined using a microplate reader. Sodium nitrite at
0-100 uM was used as a standard to assess nitrite
concentrations.

Cell viability assay

For the cell viability assay, microglial cultures were
incubated in MTT solution (M5655; 1 mg/mL; Sigma) in
two volumes of culture medium for 1 hour at 37°C. The
MTT solution was then removed, the cells were dissolved
in dimethyl sulfoxide (150 uL; D8418; Sigma), and the
absorbance of the samples was measured at 570 nm
using a microplate reader (Molecular Probes).

Cytokine assays

At the end of each treatment, the culture medium was
collected in microcentrifuge tubes (Bio-Rad, Hercules,
CA, USA). After centrifugation at 10 000 x g for

10 minutes, the culture supernatants were assayed for
secreted mediators using tumor necrosis factor-alpha
and interleukin-1beta immunoassay kits (RTAOO and
RLBOO; R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions.

Statistical analysis

Data were expressed as mean = SEM from at least three
independent experiments. Student’s paired t-test using
SPSS 15.0 for Windows (SPSS, Chicago, IL, USA) was
used for statistical analyses and P-values < 0.05 were
reported as statistically significant.
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